Directed self-assembly (DSA) of block copolymers (BCPs) is a promising technology for advanced patterning at future technology nodes, but significant hurdles remain for commercial implementation. The most widely studied material for DSA is poly(styrene-block-methyl methacrylate) (PS-PMMA), but the relatively weak segregation strength of PS-PMMA results in some limitations. This paper reports on these limitations for PS-PMMA and highlights a path to success through use of more strongly segregated "high-χ" block copolymers. In general, stronger segregation is predicted to lower defectivity at equilibrium, but unfortunately, kinetics of self assembly also becomes much slower as segregation strength increases. Recognizing diffusion is much faster for cylinder morphologies than lamellar ones, we have investigated new cylinder-forming BCPs that enable defect elimination with thermal annealing processes. In addition, a formulation strategy is presented that further improves the kinetics of the assembly process, enabling tremendous improvements in defectivity over simple BCP systems. Excitingly, successful chemoepitaxy DSA with a high-χ lamellar BCP is also demonstrated using a thermal annealing process and no top coat. These technologies hold promise to enable DSA with thermal annealing processing across pitches from 40 -16 nm.
Introduction
Block copolymers (BCPs) are an attractive class of materials for lithographic applications because of their capability to phase-segregate into regular structures with nanometer size domains ranging from ca. 5 to 50 nm. [1, 2] These nanometer size domains also span a range of shapes, including hexagonal close packed (HCP) cylinders and lamellar stacks that resemble features commonly used in lithography. [3] [4] [5] [6] Directed self assembly (DSA) of block copolymers (BCPs) is being explored as an option to meet future patterning needs. Three main approaches have been reported to make line/space patterns with DSA. One approach, termed chemoepitaxy, utilizes a sparse chemical pattern that aligns a BCP of lamellar morphology. [7] [8] [9] [10] Topographical templates can also be used to align BCPs in approaches referred to as graphoepitaxy [11] , and alignment of BCPs with lamellar [12] [13] [14] [15] and cylindrical [12, [16] [17] [18] [19] [20] morphologies has been accomplished in trenched substrates to give grating patterns with small features.
The primary approaches being explored at consortia and within materials suppliers for DSA are chemoepitaxy systems using poly(styreneblock-methyl methacrylate) (PS-PMMA) BCPs. These systems are enabled by perpendicular orientations of PS-PMMA lamellar morphologies along with lithographically defined prepatterns. One of the keys to achieving these morphologies is the similarity in surface energy of PS and PMMA, which are equal at common annealing temperatures. [21] Unfortunately, this attractive feature of PS-PMMA also turns out to be somewhat of a liability in terms of extensions of the materials to small feature sizes of primary interest for advanced patterning. The Flory-Huggins interaction parameter, χ, which governs self assembly and influences domain size, lineedge roughness, and other important parameters, is relatively small for PS-PMMA. [22] This translates into an apparent lower limit in pitch, L 0 , of around 20 nm for lamellar PS-PMMS systems. [23] While PS-PMMA can form features approaching 10 nm, that fact alone does not guarantee utility in DSA applications at that size. Many criteria must be met for successful implementation of any BCP for advanced patterning, including low defectivity (<0.01 cm -2 ) and line edge/width roughness. Most of these features can be improved by use of more strongly segregated "high-χ" BCPs. This paper explores the practical limits for PS-PMMA systems and addresses some of the challenges with high-χ materials.
[24] A formulation approach is introduced that improves kinetics of self assembly to enable use of high-χ BCPs with short thermal annealing processes. In addition, we also report preliminary results of chemoepitaxy with a lamellar morphology of a high-χ BCP with simple thermal annealing and without the use of a top coat.
Experimental

Undirected self assembly
Substrates were treated with various modification materials (brush/mat) before coating with the BCP to give appropriate surface energy. Thin films of the respective BCPs were then cast on the treated substrates from solution at the desired thicknesses, baked at 150 °C for 1 minute to remove residual solvent, and the samples were then annealed under nitrogen on a hot plate at various temperatures and times.
Graphoepitaxy
A lithographically defined template consisting of SiO 2 mandrels over polysilicon was used for directing the BCP cylindrical domains. The surface of the lithographically defined template was modified with a brush polymer by spin-coating a hydroxyl-terminated brush material from a suitable solvent followed by a hotplate bake at 150 °C for 1 minute. The coated substrate was then annealed at 250 °C for 20 minutes under nitrogen on a hotplate. Subsequently, the substrate was rinsed with toluene to wash away any unattached polymers by first soaking the coated sample in toluene for 1 minute and spin-drying at 3000 rpm for 1 minute. The brushed substrate was then baked on a hotplate at 110 °C for 1 minute. A thin film of the BCP was then coated onto the trench substrate, and the film was baked at 150 °C for 1 minute on a hotplate. The sample was then annealed on a hot plate at various temperatures and times.
Chemoepitaxy
A lithographically defined template consisting of polystyrene stripes was prepared according to published procedures. [10, 25] The template was treated with a brush polymer by spin-coating a hydroxyl-terminated brush material from a suitable solvent followed by a hotplate bake at 150 °C for 1 minute. The coated substrate was then annealed at 250 °C for 20 minutes under nitrogen on a hotplate. Subsequently, the substrate was rinsed with toluene to wash away any unattached polymers by first soaking the coated sample in toluene for 1 minute and spin-drying at 3000 rpm for 1 minute. A thin film of the high-χ BCP was then coated onto the chemically patterned substrate, and the film was baked at 150 °C for 1 minute on a hotplate. The sample was then annealed on a hot plate at various temperatures and times.
Etch processing
After thermal processing, the films were subjected to two consecutive reactive ion etching (RIE) steps using a PlasmaTherm 790i RIE, a short CF 4 reactive ion etch followed by a second oxygen etch to remove the organic material and oxidize the silicon-containing block. The samples were then imaged by scanning electron microscopy to characterize the morphology.
Film thickness and microscopy
Film thicknesses were measured using a NanoSpec/AFT 2100 Film Thickness Measurement tool. Scanning electron microscopy was conducted on a Hitachi S-4500 scanning electron microscope (SEM) with a secondary electron detector.
Results and Discussion
Predicting Defectivity and Interfacial Width
for 21 nm PS-PMMA One key for successful integration of DSA for advanced patterning will be the ability to achieve extremely low defect structures (e.g. <0.01 defect/cm 2 ) under acceptable processing conditions (e.g. time and temperature). From a thermodynamic standpoint, defects, such as dislocations and disclinations, are allowed thermally, and the number of defects is a function of the combined parameter χN, where N is the number of statistical segments. A stronger drive to self assemble will lead to fewer defects at equilibrium. Takahashi et al. [26] recently predicted the energetic penalty for defect formation of a lamellar BCP under trench confinement. The maximum free energy penalty was achieved when the BCP was commensurate with the trench width, and the defect free energy increased linearly with increasing χN (Figure 1a ). Importantly, in all cases, the penalty for forming a defect was well above the threshold for defectivity. Figure 1a is reproduced with permission from the American Chemical Society).
A defect free energy of 50kT was calculated to give a defect concentration of ~10 -11 defects/cm -2 . Using this same methodology, we estimate a defect energy of 30kT is required to achieve the 0.01 defects/cm -2 for this type trench confinement.
Since the defect energy scaled linearly in these simulations, we can extrapolate to lower values of χN to estimate the χN required to exceed this threshold value of 30kT ( Figure 1b ). This methodology shows χN > 16 is required to achieve a defect energy of 30kT. For PS-PMMA using Russell's value for χ at 190 °C, [22] a χN of 16 is equivalent to a number-average molecular weight, M n , of ~44 kg/mol and L 0 ~ 25 nm. Based upon this analysis, the defectivity target of <0.01 defect/cm 2 is predicted to be unachievable with PS-PMMA at a pitch less than 25 nm in this type of graphoepitaxy scheme.
Comparing Kinetics of Assembly in Lamellar
and Cylindrical Block Copolymer Morphologies in Thermal Annealing It is clear that BCPs with χ-parameter larger than PS-PMMA are required to achieve sub-20 nm patterns. Although most features of the morphology at equilibrium improve with high-χ BCPs, there is one unfortunate consequence of stronger segregation that must be considered for practical applications of DSA is the slowing kinetics of polymer diffusion during thermal annealing. The ability of the BCP to eliminate defects through annealing decreases with increasing χN due to the type of diffusion required to eliminate a defect. Elimination of defects requires BCP chains to diffuse perpendicular to the interface. The process, called "hopping diffusion", involves a chain breaking away from the interface, mixing within and diffusing across a domain, and relocating at the opposite interface.[27, 28] As higher χN, the increased penalty for mixing results in an exponential decrease in diffusion described by the following equation, where D per is the perpendicular diffusion coefficient and D 0 is the diffusion coefficient of the corresponding nonphase separated polymer: ∆F/kT χN lower. This analysis gives an indication of how much slower diffusion is in these systems as a consequence of the phase-separated morphology, but it is not an indication of the absolute difference in diffusion. Since D 0 also decreases with increasing molecular weight, the actual diffusion in these materials will be even slower than predicted by this analysis. This reveals the significant challenge to eliminate defects in short processing times for BCPs with larger pitch. While this decreased diffusion rate may seem an insurmountable challenge for implementation of high-χ BCPs, the equation above does not capture the whole story. Firstly, the numbers above are only relative to the baseline diffusion coefficient, D 0 . L 0 scales with both N and χ according to the following relationship in the strong segregation limit:[29]
Since higher χ will allow a certain L 0 to be achieved at a lower molecular weight, the D 0 values for the a high-χ BCP are likely to be lower. Another important that the relative diffusion coefficient is higher in spherical and cylindrical BCP morphologies compared to lamellar morphologies. [30, 31] Hopping diffusion in spherical and cylindrical systems scales according to χN A , where N A is the number of statistical segments of the minority component: This produces dramatically different scaling of the diffusion coefficients in cylindrical BCPs relative to lamellar ones. A more detailed analysis of diffusion in BCP systems is presented in a companion paper, [32] but here we only compare the relative hopping diffusion rates for lamellar and cylindrical BCPs as a function of χN ( Figure  3 ). For cylinders, the diffusion rate is considerably faster at the same χN, and the decrease is less steep as χN increases. Ruiz, Sandstrom, and Black observed this phenomenon in PS-PMMA materials, where a cylindrical BCP exhibited a faster increase in correlation length compared to the lamellar case. [12] This suggests cylinder morphologies should be considered for DSA in high-χ BCP systems if short thermal annealing processes are desired. 
Improving Kinetics with Formulation to
Enable DSA with High-χ BCPs In addition to faster kinetics in cylindrical morphologies, we have also discovered that formulation strategies can greatly improve the kinetics of self assembly. We estimate the rate of self assembly by watching the evolution of fingerprint morphologies with time. Figure 4 compares fingerprint patterns from a lamellar PS-PMMA and two cylindrical high-χ materials at L 0 = 26 nm, each processed at 250 °C for 15 min. For this high-χ system, χN is more than 5 times that of the PS-PMMA material. The fingerprint of the neat high-χ BCP shows a lower correlation length consistent with slower annealing. However, the formulated system produces a fingerprint with similar quality to the lamellar PS-PMMA.
With these principles in mind, we have designed materials to take advantage of the faster diffusion of cylindrical BCPs, resulting in high-χ BCPs that can be processed with simple thermal annealing. The formulation strategy also enables use of materials with higher χN than is possible with neat BCPs. To demonstrate this effect, we compared thin film behavior of neat and formulated high-χ BCPs with a relatively large L 0 of 32 nm. When processed under the same conditions, the formulated system displayed an incredibly longer correlation length relative to the neat BCP ( Figure 5 ). The faster kinetics of the 
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Predicted Diffusion Coefficient D/D 0 formulated system yield much better results in DSA systems. Trench graphoepitaxy was employed to direct cylinder morphologies into grating patterns. In general, the strong driving force for alignment imparted by the trench walls imparts an additional factor towards faster assembly in narrower trenches. To demonstrate the impact of the formulation on the kinetics of self assembly, we employed a trench sized appropriately for 5 cylinders in a high-χ BCP with L 0 = 32 nm ( Figure 5 ). After coating, the thin films were processed under identical 2 min. thermal annealing conditions. The neat BCP shows partial DSA, but many areas that are not yet aligned within this timeframe. In sharp contrast, the formulated system is fully-aligned and defect free across the image at an equal annealing time. This combination of cylindrical morphology and formulation enables DSA in high-χ BCPs with short thermal annealing processes. 
Chemoepitaxy with a High-χ BCP with Thermal Annealing and No Top Coat
A key challenge remaining for DSA is the application of chemoepitaxy patterning concepts to a BCP with higher χ-parameter than PS-PMMA, which would yield patterns with improved lineedge roughness and allow extension of the technology to smaller nodes. However, maintaining perpendicular orientation in thin films of high-χ BCPs is difficult due to the difference in surface energy of the two blocks. Solvent annealing has been shown to give perpendicular orientations in high-χ BCPs. Willson et al. also recently introduced a "top coat" approach to control the top surface of the film. [33] Previously we disclosed new brush materials capable of stabilizing perpendicular orientations in a certain high-χ BCP upon thermal annealing. [34] We have now successfully implemented these materials into a chemoepitaxy process to give DSA with a high-χ lamellar BCP. Following the "trim-etched" guide chemoepitaxy flow, a chemical prepattern of etchtrimmed PS-stripes was prepared with pitch of 90 nm and measured stripe width before removal of the photoresist of ~0.5 L 0 . Application of a thin film of the high-χ lamellar BCP followed by thermal annealing produced the directed BCP pattern in Figure 6 with a 3x multiplication ratio. Importantly, these results were obtained with thermal processing and without the use of a top coat. This demonstrates that chemoepitaxy DSA can be can be achieved with high-χ lamellar BCPs with proper selection of brush, BCP, and annealing conditions.
Conclusions
While PS-PMMA is the best understood BCP employed in DSA systems, its relatively low χ parameter limits its applicability to pitches greater than about 25 nm. "High-χ" BCPs are required to extend DSA to smaller pitches, but increasing segregation strength has negative consequences on the kinetics of the self assembly process. We have demonstrated that faster annealing of cylindrical morphologies compared to lamellar ones facilitates processing of high-χ BCPs. In addition, we have discovered formulation strategies that greatly improve the kinetics of self assembly. This combination of cylindrical morphology and formulation enables DSA in high-χ BCPs with short thermal annealing processes. We have also demonstrated successful chemoepitaxy DSA with a high-χ BCP with a lamellar morphology with a thermal annealing process and without the use of a top coat. These technologies hold promise to address some of the challenges confronting the application of DSA to advanced semiconductor patterning.
